Purpose-To report the influence of radiation therapy (RT) dose and surgical pathology variables on disease control and overall survival (OS) in patients treated for high-risk neuroblastoma at a single institution.
Introduction
Outcomes for high-risk neuroblastoma have improved significantly in recent years. Cure was a rarity in historical series (1) (2) (3) , but with advancement of aggressive multimodal therapy, rates of progression-free survival often approach or exceed 50% (4) (5) (6) (7) (8) (9) . Given the inherent toxicities of radiating pediatric patients, and because systemic failure remains the obstacle to cure in the vast majority of failures (4, 5, 10, 11) , minimizing dosage of consolidative radiation therapy (RT) to the primary site after surgical resection remains a valid concern.
Modern series, consisting of varying radiation doses and fractionation schema, report excellent local control rates that range from 84% to 97% (4-8, 11, 12) .As a seemingly intuitive means of increasing local control probability, many of these experiences incorporate what is generally a nonstandardized pattern of dose escalation for patients with gross residual disease at the primary site after induction chemotherapy and surgery. Some authors have explicitly suggested utility of increased radiation dosage to residual disease after surgery (12, 13) .Others have conceded that definitively establishing the role of RT for any one subgroup of high-risk neuroblastoma patients will be impossible even in a national trial setting (14) . With that in mind, current practice, bolstered by inclusion into the guidelines from the recently completed Children's Oncology Group (COG) phase 3 highrisk neuroblastoma trial, ANBL0532, shifted to treating the postinduction chemotherapy, preoperative tumor volume to 21.6 Gy, with a 14.4-Gy boost to unresected gross residual disease at the primary site. ANBL0532 closed to accrual in February 2012, and although results are unreported to date, this radiation protocol is now taken as the standard of care by most institutions.
With a significant portion of treated children now surviving into adulthood, there is now a cohort for whom the incidence of late side effects of radiation has been documented, with an apparent threshold for increased late toxicities above 30 Gy (12, 15, 16) . Thus, dose escalation in children is not inconsequential in terms of increased toxicity. We sought to offer another large cohort of patients, treated at our institution via a modern multimodality paradigm, to help identify whether a subset of patients may benefit from RT dose escalation based on unfavorable surgical, pathologic, or radiologic characteristics.
Methods and Materials
With institutional review board approval, we conducted a retrospective chart review of all high-risk neuroblastoma patients who received radiation therapy as part of definitive management from January Staging workup included computed tomography (CT) of the chest, abdomen, and pelvis; 123 I-meta-iodobenzylguanidine (MIBG) scan; technetium-99 bone scan; and bilateral bone marrow aspirates and biopsy. Occasionally positron emission tomography-CT was used, particularly for patients with MIBG non-avid disease.
After intensive multiagent induction chemotherapy (18) , response was typically evaluated by bone scan, MIBG, CT, and sampling of the bone marrow. Maximum safe surgical resection of the primary site was attempted on all patients except in the uncommon instance of complete or near-complete response to chemotherapy per imaging (2 patients). Gross total resection (GTR) was defined as meeting 2 criteria: (1) visible removal of all macroscopically viewable tumor per surgeon's operative note; and (2) no clearly stated residual disease greater than 1 cm 3 per postoperative CT and MIBG radiology/nuclear medicine reports. The operative note was reviewed to determine whether dedicated lymph node dissection was performed; if no explicit lymph node dissection was performed, surgeons typically sent several incidentally found lymph nodes as part of the surgical specimen. Surgical margin status and lymph node involvement was determined per review of surgical pathology reports. Postsurgical, pre-radiation imaging reports were reviewed for the presence of residual gross disease at the primary site.
After recovery from surgery, patients underwent single or tandem autologous stem cell transplantation after myeloablative chemotherapy conditioning. No patients underwent total body irradiation as part of transplant conditioning. After recovery from myelosuppression, all patients were treated with external beam radiation therapy to the primary tumor site. A significant portion of patients also underwent concurrent RT to metastatic sites as part of postconsolidation local control. Computed tomography-based treatment planning was used to deliver megavoltage (MV) photons via external beam radiation therapy in all cases. For consolidative RT to the primary site, the gross tumor volume consisted of the post-induction chemotherapy, pre-surgery tumor volume, which inherently encompassed any remaining post-surgery residual disease or adjacent gross lymphadenopathy. Clinical target volume expansions were variable, and in a proportion of patients included elective nodal coverage; expansions were modified as needed to account for anatomic constraints of tumor spread. The planning target volume was typically created by expanding the clinical target volume by 1 to 2 cm; later, with the availability of on-board imaging and highly conformal techniques, including intensity modulated RT and volumetric modulated arc therapy, reduced subcentimeter planning target volume margins were sometimes used. Fraction size to the primary site was 1.5 or 1.8 Gy daily; 1 patient was treated in 1.2-Gy twice-daily fractions.
After the conclusion of RT, patients typically received maintenance cis-retinoic acid for at least 6 cycles, or 6 cycles of immunotherapy with the monoclonal anti-GD2 antibody Unituxin/interleukin-2/granulocyte-macrophage colony-stimulating factor in addition to cisretinoic acid (19) . Patients were followed after definitive treatment in pediatric hematology/ oncology and radiation oncology clinics, as part of our large tertiary referral center. Only a small number of patients were lost to follow-up after a relatively short interval, mostly if parents chose to transfer care back to local facilities. 
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All disease relapses were correlated with: (1) status of gross residual disease or positive margins at the primary site after surgery; (2) surgical management of lymph nodes; (3) involvement of lymph nodes per surgical pathology; and (4) RT parameters.
For statistical analysis, overall survival was defined as time from date of diagnosis to death or last follow-up. Disease-free survival was defined as time from diagnosis to death, relapse (any), or last follow-up. Local relapse-free survival was defined as time from diagnosis to local relapse or last follow-up. Survival was estimated using the Kaplan-Meier method and was compared across groups using logrank tests. Additionally, Cox proportional hazards models were constructed to obtain hazard ratios and 95% confidence intervals for each variable of interest (20) . In the event of small sample sizes and event totals, notably with local relapse, Firth's penalized maximum likelihood estimation was used to reduce bias in the parameter estimates and confidence intervals, as well as handle any empty cells (21) . 
Results
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Each instance of local failure was evaluated in additional detail. Two of the in-field failures occurred after lengthy interval from RT (5.1 and 3.8 years later) in the setting of diffuse relapsed disease, possibly suggesting coincidental reseeding of tumor within the prior RT field. One of these patients who failed after lengthy interval from RT initially had a diffuse paraspinal mass extending from T3 to S2 and was treated with large anterior-posterior/ posterior-anterior fields covering this region after surgical resection; ultimately she relapsed not truly in the paraspinal area that was the site of her resected primary, but instead in the adjacent osseous spine. This was considered local failure because of the close proximity to the original disease and the fact that it did receive full RT dose initially, having been encompassed by the 100% isodose line; however, being years later in the setting of diffuse relapse it seems also possible that this area of disease was from secondary tumor seeding or progression of vertebral bone marrow involvement versus true in-field progression of residual tumor unsterilized from RT. The other patient eventually developed a recurrent inguinal lymph node mass that seemed to originate out of the initial radiation field but ultimately grew upward to a large extent, where it reached an in-field area of the midline retro-peritoneum and thus was counted as a local failure.
The patient who was considered to have failed in-field without distant failure had a metastasis at the base of skull that was treated with an 18-MV vertex field and 6-MV lateral fields to 21.6 Gy at 1.8 Gy per fraction. Three months later, because the soft tissue mass had not adequately decreased in size/activity and remained suspicious, the area was treated again using similar fields to 21.6 Gy in 1.2-Gy twice-daily fractions. He went on to have durable disease control.
Excluding the aforementioned patients, there were only 2 patients (3.0%) who clearly had local failure at the primary site despite consolidative radiation. One of these patients died relatively soon after treatment, with MIBG activity and magnetic resonance imaging showing probable recurrent disease in the vicinity of the treated primary site, which had received 21.6 Gy; this patient had diffuse progression of disease as her cause of death. The other patient clearly showed progression in-field in the area of the treated primary site, which had received 25.2 Gy; he simultaneously relapsed distally. Neither of these patients had gross residual disease after surgery, or positive surgical margins.
Discussion
High-risk neuroblastoma is a highly aggressive yet curable disease-increasingly so with modern treatment paradigms. Outcomes from our series, with local control of approximately 92.5% and total disease control at 59.5%, are generally consistent with the recent literature (49), representing a significant improvement from discouraging historical reports (1-3). Local control is inherently a part of curative therapy, and RT following surgical resection is a necessary component. Radiation therapy is most commonly tasked with controlling microscopic disease, because GTR is achievable in the majority of cases, and for this purpose, RT doses between 21 and 24 Gy seem to be effective (4, 6-9, 11, 22) . Historically, consensus favored improved outcomes with either greater than 90% resection or GTR (23) (24) (25) (26) , though other authors have found no relation to extent of resection (5, (27) (28) (29) , leaving uncertainty regarding how to compensate when residual tissue remains. Thus dose escalation 
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to residual disease has emerged as a reasonable manner in which outcomes might be improved for this population that may be at greater risk (12) .
In our series, 75% of patients (6 of 8) with gross residual disease following surgery went on to have no evidence of disease at time of last follow-up, and the 2 patients who failed did so distantly. Only 2 of these patients were treated recently enough so that guidelines were followed for dose escalation to 36 Gy. Although local control was achieved in these 2 cases, there is no way of knowing whether a lower dose would have sufficed. Conversely, there is no way of knowing whether the 5 patients with local failure in our series, who received RT doses from 21.0 to 25.2 Gy, may have been controlled had they received further dose escalation. Because a small number of patients received subtotal resection, and because none of these patients failed locally, we grouped together patients with gross residual disease and patients with positive margins in our analysis, in an attempt to create an increased sample size for a population of patients that might be at higher risk. Our data show no association between subtotal resection or positive margins and worse patient outcomes. On the basis of our series, we would anticipate excellent local control when results are reported for COG ANBL0532, including in the presence of gross residual disease meeting size criteria for boosting to 36 Gy. Because boost was not randomized on this protocol, a cohort of patients who had gross residual disease but did not receive boost to 36 Gy will not be available for comparison. Our series, though containing small numbers of such patients, did not show any local failures among patients with gross residual disease, including in the 6 patients with gross residual disease who were not boosted to 36 Gy. As such, even in the likely scenario that favorable local control for patients with gross residual disease is demonstrated on COG ANBL0532, we believe some question may remain as to whether boost to 36 Gy leads to a quantifiable gain in local control, especially considering that further improvements in systemic multimodal therapy may also contribute to improved local disease control.
The most frequent in-field late effects of RT in neuroblastoma are musculoskeletal abnormalities (12, 16) . Inan older study describing patients treated with orthovoltage equipment, Mayfield et al (30) report significant spinal deformity in 76% of children surviving more than 5 years after therapy, associated with doses over 30 Gy. In the MV era, Halperin et al (15) reported a smaller 29.4% rate of scoliosis or kyphosis in irradiated children surviving more than 36 months. More recently, Kushner et al (12) report an 8.6% incidence of short stature from decreased growth of irradiated vertebrae. Ducassou et al (16) report at 5 years a 50% rate of late effects within the RT field and a 31.8% incidence of musculoskeletal abnormalities; patients experiencing musculoskeletal abnormalities and multiple infield late effects all received RT doses of greater than 31 Gy/1.5-Gy fractions. It seems from the limited evidence that late toxicities tend to increase above a threshold dose of approximately 30 Gy. From our series it would seem that in the majority of instances the radiosensitivity of neuroblastoma allows for treatment with RT doses well short of this apparent cutoff around 30 Gy.
Although normal tissue constraints for organs at risk are not well defined or robustly supported by toxicity outcomes in the treatment of high-risk neuroblastoma (31) , the dosimetric advantages of modern conformal techniques theoretically minimize the incidence of certain late effects. Intensity modulated RT seems superior in sparing kidney dose for midline neuroblastoma and may be capable of sparing vertebral bodies from the high-dose region, but this is at the expense of increased lower dose wash particularly to the liver, stomach, and spleen (32) . Pai Panandiker et al (22) even suggest that high-quality intensity modulated RT might have the capacity to improve locoregional control, even in the case of subtotal resection, because of improved target volume coverage, and as such dose escalation beyond 30.6 Gy might not be needed.
Hyperfractionation (9, 12) and proton therapy (33) have also been means by which attempts have been made to mitigate late toxicities. With the sort of radiosensitivity that our series and others suggest, allowing for most RT courses to be limited to 21.6 Gy, it may be that modern, more-expensive techniques would practically provide no clinical advantage.
Kushner et al (12) suggest that dedicated coverage of uninvolved regional lymph nodes with the RT fields may improve results. In our series, 37.3% of patients had dedicated coverage of elective regional lymph nodes, at the discretion of the treating radiation oncologist, and these patients did not seem to have improved outcomes. Similarly, no benefit was demonstrated for dedicated lymph node dissection at the time of surgery, though this was in a small number of patients (n= 8). Because neuroblastoma is thought to be primarily a hematogenously spread disease, perhaps these findings are not surprising. Nevertheless, there is a relatively high incidence of pathologically positive lymph nodes, 45.8% in our series, and so consideration of how to address the lymph nodes was warranted. On the basis of our series, it does not seem as though RT target volumes should be expanded to include coverage of uninvolved elective nodal regions.
On the basis of this study and the available literature, it seems that RT to 21 to 24 Gy is sufficient for most cases of high-risk neuroblastoma, including in the presence of gross residual disease, positive margins, or nodal involvement. In the future, results of COG ANBL0532 will serve to further clarify the role for dose escalation, because as it stands the evidence to support routine dose escalation to unresected gross disease to 36 Gy remains insufficient. Currently there remains a need for further exploration of the optimal dose for achieving local control in high-risk neuroblastoma without significant increase in toxicity, particularly in light of modern improvements in systemic therapy.
Conclusion
Patients with high-risk neuroblastoma in this large retrospective series maintained excellent local control, with no benefit demonstrated for RT doses over 21.6 Gy. Local control was not impacted by presence of residual disease or positive margins, extent of lymph node dissection, or lymph node positivity. Systemic disease control remains the obstacle to improved outcomes in high-risk neuroblastoma for the majority of instances. The results from COG ANBL0532 will provide further insight into whether accepting the added toxicities of RT dose escalation to gross residual disease is necessary to improve outcomes.
Summary
Dose escalation to gross residual disease in high-risk neuroblastoma is now common. The benefit remains unclear, and the limited evidence suggests increased toxicity at doses above 30 Gy. Here we offer a series of 67 patients treated with radiation as part of definitive management of high-risk neuroblastoma and demonstrate no benefit for radiation doses over 21.6 Gy, and no disadvantage of gross residual disease, positive margins, or pathologically involved lymph nodes.
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